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ABSTRACT. Zucchini yellow mosaic virus (ZYM') is one of the most economically important viruses affecting
watermelon {Civru I/us /anatus (Thunb.) Matson & Nakai var. Ianatusj in the United States. The ZYMV-Florida strain
(ZYM V-FL) is considered a major limitation to commercial watermelon production in the United States. Inheritance
of resistance to ZYMY-FL is conferred by a recessive gene. This report describes the identification of single-reaction,
polymerase chain reaction-based markers linked to the ZYMV-FL resistance gene in watermelon. In this study, we
identified a marker ZYM V-resistant polymorphism (Z•YRP) linked to the ZYM V-FL resistance gene locus (genetic
distance of 8 cM) in all F2 population, and in a hackcross one to the resistant parent populntioq (BC,R) (genetic
distance of 13 cM). The identification of a single nucleotide polymorphism within the ZYRP marker for the parental
genotypes allowed the development of a sequence-characterized amplification region marker linked to the 7YM V-FL
resistance gene. Experiments using a 8C 2 E 2 population derived from the U.S. Plant Introduction 595203 (C lunutus
var. lanatus) and the recurrent parent 'Charleston Cray' indicated that the ZY.RP marker can he used in marker-
assisted selection to identify genotypes containing the gene conferring ZYMV-FL resistance in watermelon.

Watermelon is an economically important crop with over 1.9
billion kilograms produced in the United States in 2006, with
a fresh market value of $434 million [U.S. Department of
Agriculture (USDA), 2007]. Potyviruses area major limiting fac-
tor of commercial watermelon production worldwide (Huttner
et al.. 2001). Viruses that affect watermelon include papaya
ringspot virus-watermelon strain (PRSV-W), watermelon mo-
saic virus (WMV), and ZYMV (Goner and Webner, 2008;
Strange et al., 2002). All three viruses are difficult to control
and are spread by aphids (e.g., Aphis gossypü Glover). Infection
by more than one of these viruses is common in cucurbit plants
(Davis and Mizuki, 1987). Plants infected with these viruses
lose their photosynthetic capacity, and display stunted growth,
deformed fruit, and early mortality (Gutter and Wehner. 2008;
Sherf and Macnab, 1986),

The ZYMV infects cucurbit crops, including melon (Cucumis
nielo L.), cucumber (Cucutnis sativus L.), watermelon, squash
(Cucurhita maxima Duchesne, C'ucurhita moschata Duchesne),
and pumpkin (Cucurbita pepo L.) (Gal-on, 2007). The severity
of infection depends on temperature, plant age, and the strain of
ZYMV (Goner, 2004). The ZYMV was first identified in squash
in northern Italy (Lisa and DellavalIe, 1981) and has spread to the
major cucurbit-producing regions throughout the world (Goner,
2004). Two predominant ZYMV strains have been identified in
the United States. They,are 1 the ZYMV-Connecticut strain
(ZYMV-CT) and ZYMV-Florida strain (ZYMV-FL) (Provvi-
denti etal., 1 284) . The ZYM VçFL is the most predominant strain
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in the United States, whereas ZYMV-CT is limited to the
northeastern U.S. (Provvidenti et al., 1984). In 1991, the
ZYMV-China (ZYMV-CH) strain was collected from severely
infected cucurbit fields near Beijing, China.

A number of strategies have been employed to control the
spread of viruses in agricultural crops. These strategies include
the use of insecticides to reduce the infestation of virus vectors
(Mutschler and Wintermantel, 2006), the use of a mild or
attenuated virus strain to protect the plant front virulent
strain (cross-protection) (McKinney, 1929), and genetic mod-
ification of plants (Prins et al., 2008). However, the most
economically and publicly accepted method to control viruses
is achieved by plant breeding with lines that are genetically
resistant (Mutschler and Wintermantel, 2006; Xu et al., 2004).
The U.S. Plant Introduction accessions (Pis) of watermelon
maintained at the U.S. Department of Agriculture. Agricultural
Research Service (ARS), Plant Genetic Resources and Conser-
vation Unit (PGRCU), Griffin, GA, were screened for ZYMV-
FL resistance (Goner, 2004; Provvidenti, 1991). Provvidenti
([991) identified the C. lanatus var. citroides (LI-I. Bailey)
Mansf. P1 482322, P1 482299, P1 482308, and Fl 482261 as
resistant to ZYM V-FL. Resistance to ZYM V-FL in P1 482261
is conferred by a single recessive gene, zvm (Provvidenti,
1991). Also, the C. lanatus var. lanatus PT 595203 was
identified as a source of ZYMV-FL and ZYMV-CH resistance
(Boyhan et al., 1992; Guner, 2004; Xu et al., 2004). Resistance
to ZYMV-FL and ZYMV-CH in P1 595203 is conferred by
a single recessive gene (Ling et al.. 2008) and the resistance
gene to ZYMV-CH was designated 2ym-CH (Xu et al., 2004).
Whether the ZYMV-CFI and ZYM V-FL strains are the same or
whether the two resistance genes are the same has not been
previously determined (Xe et al., 2004).

For the introgression of the recessive ZYMV resistance gene
into cultivated lines, molecular markers could prove useful as
they would accelerate the breeding process by eliminating the
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ided for an additional self-pollination step in each backcross to polymorphic DNA markers (RAPDs), 69 sequence related
an elite cultivar, normally required to select for those plants that amplified polymorphisms (SRAPs), 30 target region amplifi-
would be homozygotis for the recessive ZYMV resistance gene F  cation polymorphisms (TRAPS), and two expressed sequence
In a recent study, we developed two cleaved amplified poly- tags (ESTs), were tested for polymorphism between the
morphic sequence (CAPS) markers , cAPSi1 and CAPS-2;',ZYMV-resistant P1 595203 and .'NHM'.The polymerase chain
within theéukàFyotic t+ahslation initiation ' fadtof4E (eIF4E) raction (PCR) amplification proc6dures for the RAPD, SRAP,
gene sequence of watermelon (Ling et al.. 2008). Studies with TRAP, and .EST primers were 'amplified as previously de-
tomato (Solaizrn lycopersicum L.) and pepper (capsicum scribed (Levi et al., 2002,:2006).
thwuurn L.) plants ha'e shown that a mutation in the eIF4E The SSR markers were amplified and fluorescently labeled
gene may confer resistance to several potjviritse (Robaglia '"in 4 a final reaction volume of 10 xL using the following
and Caranta; 2006; Ruffel et al ., i 2005)! CAPS-I and CAPS-2" cdmjonents: 2 ML of 5x Colorless GoTaq Flexi Buffer
markers are linked to the ZYMV-FL resistance gene locus in P1 (Promeg, Madison, WI), 1 ML of 25 RIM MgCl 2. 0.8 ML of
595203, having a genetic distance . of 6 and 10 cM in an F2 2.5 mivi dNTPs, , l iL of 5 lAM forward primer labeled with a D4
population derived from the ZYMV-resistant P1595203 and the fluorophore, 1 jiL of 5 jn.t reverse primer, 0.1 ML Golaq Flexi
ZYMV-susceptible cultivar New Hampshire Midget (NHM) DNA Polymense (Promega) at 5U/ML 3.1 ML of water, and I
and in a backcrosionitó the resistant pareht population [(P1 	 Lofgenomic DNA at long p.L The parameters for PC.R
595203 x'NFIM') P1595203]; repectively (Ling et al.', 

F ': 
95 °C for 2.rnin followed by 35 cycles at 95°C for 60s,

Studies indicate that when no allele specific marker has been , 50 °C for 45 s, 72 °C for 60 s, and a final extension of 72 °C for
established, a set of several markers, representing the genomic. , 5 mm. The PCR products were resolved by capillary electro-
region containing the gene of interest, should, produe,high phoresis on  Beckman Coulter CEQ8800 Genetic Analysis
selection efficiency, for, marker-assisted selection (.MAS) (Cai •. System (Beckman Coulter, Fullerton, CA) using the fragment
et al.. 2003; Yi et al., 2008). In this study, we sought to identify . 3 parameters.
and develop additional markers linked to the ZYMV-FL Cry EXTRACTION, CLEANUP, CLONING, AND SEQUENCING OF

resistance gene locus using bulk segregant'analysis, to map' A POLYMORPHIC MARKER (DhisicNA'rD AS ZYRP) LINKED TO THE
the markers in reference to the gene conferriOg ZYMV-FL 'ZYMV RESISTANCE GENE. The following primer pair ZYRP- I-F
resistance and in reference to the eIF4E gene that we previously (5' -CGAGCAAGAAATCACTGCCCAG-3') and ZYRP-
identified as closely linked to this resistance gene (Ling et al., 221-R (5'-CGCTG TTTCACGCTTCTGTCGC-3') was used
2008), and to ascertain the utility of the markers,- including the to amplify the desired fragments from genOmic DNA of
elF4E-CAPS markers and the markers identified here, in 'NHM' and P1 595203 using the PCR conditions described
breeding programs using MAS to incorporate the ZYM V-FL abo"e for SSR markers. The PCR products were resolved by
resistance gene into the genomic background of a watermelon electrophoresis on a 2% agarose gel, and the desired fragments
cultii,'ar.'°-	 rT'r,	 ,	 L.	

' 	

weiè' gel ektfábtèd and cleaned with a Wizard SV Gel and PCR

	

.	 .	 .	 .	 Clean-Up System(Prbmega) from each genotype. The PCR

Materials and Methods	 .	 products were cloned into a pCR2. I -TOPO vector using the
TOPO TA Cloning Kit (.lnvitrogen; Carlsbad, CA). Sequenc-

Plant material, virus iso1ati,1nocuIation,	 ing was performed using the GenorneLab Dye Terminator
and symptom evaluation ' 	 •	 Cycle Sequencing with Quick Start Kit (Beckman Coulter) on

Seedlings from watermelon cultivars Black , Diamond, the Bcckniah Coulter CEQ8800 DNA Genetic Alialysis
Charleston GfàSJ Jubilee, and NI-IM were used in this study. System.
Seeds of C. lanatus var. citroide's P1 482261, P1 482299, P1	 GENERATION OF A ZY.RP-SCAR MARKER FOR IDENTIFYING
482308, and P1482323 were obtained from the USDA, ARS, POLYMORPHISM USING CAI'ILLARYELEaRo pBoRESis.A sequence-
Southern Regional Plant Introduction Station at Griffin, GA characterized amplification region (SCAR) marker was gener
TheF 1 F2, and reciprocal BC 1 .R populations? derivedfrom aS bàéd on the Single nucleotide polymorphism (SNP) at
across between 'P1 595203 (ZYMV resistant) and 'NUM' hasO paif 190. The primers used were designated ZYRP-80-F
(ZYMV Soscetible) were developed in North CárOlinaStàte 5'TGTAAAACGACGGCCAGTAGAGCGAGATGCAACG
uniQOfsity;' Raleigh' (Goner, 2004). DNA sariiples were pre-'re ACAG3') and ZYRP-21 6-R(5 '-ACGCTTCTGTCGCTCAG
pared for bulked segregant analysis by combining the 10 most AGT-3'). The ZYRP SCAR was amplified and fluorescently
susceptible and the 10 resistant F 2 individuals • into separate lábèled in a final reaction volume of 10 ML using the following
bulks, as described by Michelniore et al:(1991)! 	 ''' ' eórj,Onents: ' 2 p1 of 5x Colorless .GoTaq !Flexi Buffer

The ZYMV-FL isolate was obtained from 1 T C Wohncr (Promega Corp) 0.6 ML of 25 m M902 0 8 ML of 2 5 m
(North Carolina State University, Raleigh) The in'bculation of dNTPs, 0.5 ML of 5 MM ZYRP 80-F ônmer labeled with a MI 3
plants with ZYM V-FL, the quantification of virus replication tag: 2 pL of 5 MM ZYRP-216 R p rim &i 1 8 ML of I pm M13
by ELISA the "visual scoring for virus symptoms, and the labeled with a D3 fiaoiophore, 0 1 ML of Promega GoT'iq Flexi
extraction of DNA from plants were as described previously DNA Polhierase at 5UJpL(Promega Corp.), 1.2 ML of water,
(Ling et al., 2008).	 ••'	 ' .. . and I ML of genomic DNA at 10 ngL. The parameters

-	
.	 ....J	

,	 .. . for PCR were 37 cycles at 95 °C for I mm, 57 °C for I mm, and
Screening markers for polymorphism and for linkage with the 	 72 °C foi I mm. The PCR products were separated on the
ZYM V-FL resistance gene' 	 :1 ., F	 F	 £. '

	 Beckman Coulter CEQ8800 Genetic Analysis System.
Twenty-four markers that were'previously mapped on

linkage group XIV (Levi et al., '2006) were screenedfor
polymorphism between P1.595203 and 'NHM'. In addition,
257 single sequence repeats (SSRs); 591 randomly amplified

Genetic mapping of the ZYRP marker
The ZYRP marker was amplified from a F 2 (143 F2

individuals) and a BC 1 R (117 BCR individuals) population
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derived front 595203 and 'NHM'. The ZYRP marker
segregation data in the F 2 and BC 1 R population were entered
into a text file that contained segregation data for the CAPS-I
and CAPS-2 markers (which are linked to the eIF4E gene), and
for the ZYMV resistance and susceptible phenotypes (Ling
et al., 2008). Linkage analysis was performed using JoinMap
version 3.0 software (Van Ooijen and Vooripps, 2001), as
previously described (Levi et al., 2006), and a log of the odds
ratio (LOD) score of 2 was used for grouping.

Genetic mapping of ZYRP on a testeross map constructed
for watermelon

ZYRP was mapped using a testcross population { 88 test-
cross progeny [Griffin 14113 (C. lanutus var. citroides) x
'NHM' (C. lana/us var. lana/us)] x P1386015 [C. colocynthis
(L.) Schrad.]} (Levi et a].. 2002, 2006). Linkage analysis was
performed using JoinMap version 3.0 software (Van Ooijen and
Vooripps, 2001) using previously described conditions (Levi
et al., 2006) except that a minimum LOD score of 9 was used
for grouping.

Assessing the utility of a marker set (including ZYRI' and
CAPS-1 or CAPS-2) in identifying ZYM V-Ft-resistant
8C2 172 plants

Thirty-eight BC2F2 plants were generated by first back-
crossing a ZYMV-FL-resistant F 3 plant (derived from a cross P1
595203 x 'Charleston Gray') with the recurrent parent
'Charleston Gray'. After each backcrossing, the CAPS-1 and
CAPS-2 markers (Ling et al., 2008) and the ZYRP marker,
identified here, were used to select for those progeny that
presumably contain the P1 595203 allele conferring ZYMV-FL
resistance. A 8C 2F 1 plant that contains the P1 595203 allele
for the CAPS and ZY.R.P marker was then self-pollinated to
produce BC2F2 plants. Thirty-eight BC 2 F2 plants were in-
oculated twice with ZYMV-FL (at 15 and 18 d post-germina-
tion), as described by Ling ct al. (2008). Three weeks following
the second inoculation, the plants were scored for virus
symptoms as follows: 0 = complete immunity/no virus symp-
toms, I = slight yellow mosaic on the systemic leaves, 2 =
slightly deformed apical leaves with yellow mosaic, 3 = severely
deformed apical leaves with mosaic appearance; 4 = extensive
mosaic appearance and severe leaf deformation, 5 = plant death.
Leaf samples were collected front of the 38 BC2F2 plants
and used for quantifying virus replication by ELISA, as de-
scribed by Ling et al. (2008). Leaf samples were also used for
isolation of DNA that was used for genotyping with the CAPS-I,
CAPS-2, and ZYRP markers.

The genotyping of the BC 2F2 plants with CAPS-1 and
CAPS-2 was as described by Ling or al. (2008). The CAPS-1
marker was amplified using the primer pair KL07-75, 5'-
CCAACAGCAAGAACCGAAAG and KL07-76, 5'-
TTTGGTTCGATAACCCATCC and the CAPS-2 marker was
amplified using the primer pair KLO8-03, 5 -AAAG CTACAC
CCACGGAAGA and .KL08-04. 5' -CTCCAGAACTCCTCG
ACAGTAG

'
The markers were PCR amplified in a final

reaction volume of 20 pL using the following components: 4
ML of 5x Green GoTaq Flexi Buffer (Promega), 2 tL of 25 m
M9021 1.6 ML of 2.5 Him dNTPs, 2 pL of KL07-75/76 or
KL08-03/04 primers at 2 MM, 0.1 ML GoTaq Flexi DNA
Polymerase at 5U/ML (Promega), 93 pL of water, and I ML
of genomic DNA at JO ng•j.tL'. The paratheters for PCR were
95°C for 2 miii followed by 34 cycles at 95°C for] mm, 50°C
for 45 s, 72 °C for 1 mm, and a final cycle at 72 °C for 5 mm.

Digestion of 10 p1 of the KL07-75/76 amplicon with MseI was
performed by adding 1.5 ML of lox Buffer 2 (NEB, Ipswich,
MA), 1.5 pL of NEB lOOx BSA, and 0.1 jsL of NEB M.celat
50,000 lJ/mL into a I .5-mL microcentrifuge tube. The re-
actions were placed in a 37 °C water bath for I h and later heat
inactivated in a 65°C water bath for 20 mm. Digestion of 10 PL
of the 1<108-03/04 amplicon with Pasi (Fermentas, Glen
Burnie, MD) was performed by adding 19 ML of water, 2 pL
of I Ox Paslbuffer (Fermentas), and 0.02 ML of Paslat 10 U/ML
into a 1.5 mL-microcentrifuge tube. The reactions were placed
in a 55 °C water bath for 16 h and were later heat inactivated
by placing the reactions in an 80 °C water bath for 20 mm.
Digested aniplicons were separated using a. 1.25% agarose gel
for the KL08-03/04 digestion reactions and a 2% agarose gel
for KL07-75/76 digestion reactions. Electrophoresis was per-
formed in lx SB buffer (Brody and Kern, 2004) at 178V for 1 h,
and DNA was visualized using ethidium bromide.

Results and Discussion

SCREENING AND IDENTIFICATION1 OF A MARKER LINKED TO THE
ZYM V-FL RESISTANCE GENE. The 949 primers (RAPD, SLAP,
SSR, TRAP, and EST) tested in this study yielded 150 poly-
morphic markers between the ZYMV-resistant P1 595203 and
the susceptible cultivar NHM. The low polymorphism rate
(15.8%) is consistent with previously published data, confirm-
ing that genetic difference is quite small within C. lana/us var.
lana/us (Levi et al., 2001, 2002). Furthermore, because the P1
595203 allele that conditions resistance to ZYMV-FL is
homozygous recessive, only polymorphic markers that are
dominant for 'NHM' or codominant could be useful for bulked
segregant analysis between the 'NHM' and P1 595203 F 2-

resistant and -susceptible bulks. The ISO polymorphic markers
were tested using bulked segregant analysis to identify
a marker(s) linked to the gene conferring ZYM V-FL resistance.
Of these 150 polymorphic markers, one marker was identified
as linked to the ZYMV-ré'sistance gene and was designated as
'ZYRP'.

The capillary electrophoresis chromatograms, generated on
the Beckman Coulter CEQ 8800, indicated that the ZYRP size
is 221 and 219 bp in P1595203 and 'NI-livi', respectively (data
not shown). However, subsequent sequence analysis revealed
that the ZYRP marker is the same size (221 bp) in P1 595203
and 'NI4M' (Fig. 1). The apparent size difference is likely the
result of a SNP where, at the 190 nucleotide position, the
nucleotide cytosine in 'NFIM' is substituted by a thymine in P1
595203 (Fig. I). The SNP at the 190 position likely affects the
DNA secondary structure (Inazuka et al., 1997), causing an
apparent 2-bp difference in migration through the capillary
polymer. To generate a set of primers that amplify a single
fragment linked to the ZYMV-FL resistance gene, as opposed
to primers ZYRP-I-F and ZYRP-221-R, which amplify six
fragments, a hew primer pair (ZYRP-80 .F and ZYRP-216-R)
was developed (Fig. I). The amplicon generated with this new
primer set produced a gel migration polymorphism of 155 and
153 bp (inclusive of the 18-bp M13 tag) for PT 595203 and
'NI-IM', respectively. The ZYRP SCAR marker is easily
produced through a single amplification reaction. Basic local
alignment search tool analysis revealed that the 221-bp ZYRP
sequence (Fig. I) has no significant homology to any known
sequence published in the National Center for Biotechnology
Information database.
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GENETIC MAPPING OF THE ZYRP	 1GAGCAAGATCACTGCCGAGAACTTTCTGAGCGAGAGCGAGACCCGAGCGAGAG

MARKER IN REFERENCE TO THE
ZYMV-FL RESISTANCE GENE.

	

L RP was mapped at 2 and 3 cM	 61CAAGAATCGCGAGAGAGCGAGATGCAACGAGAGCCCGAGAGTGTGAGAGCCTGGCCA
from the eIF4E gene and 8 and 13
cM from the ZYMV-FL resistance

	

gene in the F2 and BC 1 R popula-	 121GGGAGAGCGGAACAACATGAGTACGGGAGAGCGACACACAGCGAGAGAGCGACACCCCTA

tions, respectively (Table 1; Fig. 2).
The difference in genetic distance

	

between the F, and the BC 1 R pop-	 181GCGCGACAGGATACTCTGAGCGACAGAAGCGTGAAACAGC

ulations is not remarkable and is

	

likely due to the difference in the 	 Fig. 1. The 221-bp zucchini yellow mosaic virus-resistant polymorphism (ZYRP) sequence with the C/T single

	

size of the genetic populations (ha y-	 nucleotide polymorphism at nucleotide position 190 in watermelon. 'New Hampshire Midget' possesses a "C"

	ing 143 F2 vs. 117 BC  R progenies).	 and P1 595203 possesses a "T" at the 190-bp position. The arrows indicate the position for primers ZYRP-80-F
and ZYRP-2 I 6-R that were used to amplify the ZYRP sequence-characterized amplification region marker. The

	

Genetic mapping in rice (Oryza	 sequence (jenBank accession numbers are FJ8 11822 for P1 595203 and GQ385968 for 'New Hampshire

	

saliva L.) has indicated that dis-	 Midget'.
tances between markers will change
with population size (Rangel et al.,
2007).

Using the testcross mapping pop-
Table I. Distribution of zucchini yellow mosaic virus-resistant polymorphism (ZYRP) marker

genotypes of zucchini yellow mosaic virus (ZYMV)-resistant and susceptible watenielon plants
ulation constructed for watermelon In F 2 and BC, populations derived from a cross between the ZYM V-resistant P1 595203 and the

	

(Levi et at., 2002, 2006). ZYRP was 	 susceptible cultivar New Hampshire Midget.

	

ma VPed on linkage group XIV. be-	 Plants	 ZYRP genotype'
tween UBC595-725c and the e1F4E
CAPS-I markers (Fig. 2).

ZYMV resistance phenotype 	 (no.)	 P/P (no.)	 P/N (no.)	 N/N (no.)

	

ASSESSING THE. UTILITY OF THE	
F2 [expected ratio or resistant to susceptible plants was 1:3 (' = 5.454, P0 = 0.0195)]

Resistant	 22	 19	 1	 2
ZYRP, CAPS-1 AND CAPS-2 Susceptible
MARKERS FOR USE IN MARKER-

>>>>>>>>>>>>>>:r,>>>:r.>

113	 4	 71	 38

ASSISTED SELECTION TO IDENTIFY
GENOTYPES POSSESSING THE ZYMV-
FL RESISTANCE ALLELE. In our pre-
vious study (Ling et al., 2008), we
described the CAPS-1 and CAPS-2
markers located in the eIF4E gene,
but did not determine their useful-
ness in MAS programs. Here, we
tested 38 BC2 F2 plants inoculated with ZYMV-FL for the
presence or absence of the CAPS and ZYRP markers. Of the 38
plants tested, 21 exhibited an extensive mosaic appearance and
severe leaf deformation (rating of 4), five had deformed apical
leaves with mosaic appearance (rating of 3), one had slightly
deformed apical leaves with yellow mosaic (rating of 2), and Ii
had very slight yellow mosaic on early leaves (rating of 1) (Fig.
3). Of the 21 plants that were rated as 4, 13 were heterozygous,
and eight were homozygous for the CAPS-I, CAPS-2, and
ZYRP alleles of 'Charleston Gray'. Of the five plants that had
rating of 3, two were homozygous for the CAPS-I, CAPS-2.
and ZYRP alleles of P1 595203, while two were heterozygous
and one was homozygous for the 'Charleston Gray' alleles. Of
the two plants that had a rating of 2, one was homozygous and
heterozygous for the P1 595203 allele. All II plants with
a rating of I had no or very slight viral symptoms were
homozygous for the CAPS-1, CAPS-2, and ZYRP alleles of
P1 595203 (Fig. 3). ELISA analysis showed that all II BC2F2
plants rated as a 1 supported viral replication (ELISA viral
replication score range of 0.170-0.423) comparable to that of
the susceptible watermelon plant 'Crimson Sweet' (ELISA
viral replication score of 0.298), and in contrast with P1 595203
(ELISA viral replication score of 0.005). Since the BC2F2
plants generated did not contain the same level of resistance
found in P1 595203, as very mild symptoms and virus
replication were detected on most resistant plants, it is possible

that a modifier gene controlling ZYMV-FL replication may
exist in 'Charleston Gray'. Thus, the CAPS and ZYRP markers
are linked to a gene that conditions resistance to the ZYMV-FL
strain, but replication of the virus occurs in plants that were
backcrossed to the cultivar Charleston Gray. Therefore, the
cultivar used as the recurrent parent is important as ZYMV-FL
resistance in a BC  R, derived from P1 595203 and the backcross
parent 'NHM', segregated as a single recessive gene. Further
genetic studies are needed to confirm the possibility that
a modifier gene(s) may control replication of the ZYMV-FL
strain in 'Charleston Gray'. The CAPS and ZYRP markers
proved useful in MAS to incorporate the P1 595203 ZYMV-FL
resistance gene into the cultivar Charleston Gray. These
markers should be equally useful for incorporation of this gene
into other breeding lines and cultivars using a MAS breeding
approach.

Our experiments with markers (SCAR4 and AK13) that
were reported to be linked to the ZYMV-CH resistance gene in
P1 595203 (Ma et al., 2006) indicated that they are not linked
to the CAPS and the ZYRP markers or to the ZYMV-FL
resistance gene (data are not shown). These results suggest that
the ZYMV-FL and ZYMV-CH may be different strains, and
that the resistance to these strains may be controlled by genes
on different linkage regions. Resistance to different virus was
observed in a pepper genotype possessing two genes that confer
resistance to different strains of the potato potyvirus Y

BC, [expected ratio of resistant to susceptible plants was 1:1 (x' = 0.167, P( = t).6831)]
Resistant	 46	 39	 7
Suscentible	 50	 3	 47

'P/P = homozygous for P1 595203, N/N = homozygous for 'New Hampshire Midget', P/N =
heterozygous for P1 595203 and 'New Hampshire Midget'.
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C	 (Dogimont et al., 1996). If the
ZYMV-CH and ZYMV-FL are in-

Me2em6-297	 deed different strains, the identifica-
Me2balO-114c tion of the resistance genes for these

strains could allow breeders to pyr-
amid the resistance genes from PIP1

Meleml-196c	 595203 into a cultivated line, thus
U634-700	 creating watermelon varieties with
CLG7996-160	 more durable resistant to ZYMV
Ab3em5-235 strains. P1 595203 has resistance to
Me4ba4-166
U595-725c	 several potyviruses, including
zyrp-219c CAPS- 1 	 PRSV-W and WMV (Guner, 2004;

Strange et al., 2002; Xu et al., 2004).
U613-600c u526-975 	 The markers reported here as being
Me2ba4-172	 linked to the ZYMV-FL resistance
U613-1 000c
U613-950	 gene may also be useful in studies to
B06-450	 determine if eIF4E is linked with
D08-1450	 resistance genes to PRSV-W and/or
A109-1050	 WMV in P1 595203.
AH17-385U548-435	 Potyviruses are major limiting
F10-175
L1816-850c	 factor fr most curcurbit crops. Mu-
U834-700cEAGAT-104c	 tation of eIF4E or eIF4G genes in
U571-215c	 many plant species is responsible forU808-700c

resistance to potyviruses (Robagl ia
and Caranta, 2006). A variant of the

EGCAG-215 eIF4E gene results in resistance to
U847-325c the melon necrotic spot virus in C.

A

0	 zymvr	 0	 zymvr

6	 CAPS-1 CAPS-2
8	 ZYRP

10CAPS-i CAPS-2 9
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Fig. 2. (A) Genetic distance of tile watermelon zucchini yellow mosaic virus Florida strain (ZYMV-FL)resistance 	 me/a (Nieto et al., 2006). DNA
gene. "zylnvr." to the cleaved amplified polymorphic sequence (CAPS) and zucchini yellow mosaic virus markers within the eIF4E gene
resistant polymorphism (ZYRP) markers in a watermelon F2 population (N 143) derived from P1 595203 and could be tested for linkage to poty-
'New Hampshire Midget' ('NHM'). (B) Genetic distance of the ZYMV-FL resistance gene, "zymvr," to the

virus resistance in different cucurbitCAPS markers and ZYRP markers in a BC  population (N = 117) derived from P1 595203 and 'NHM'. (C)
Testcross linkage map (N = 88) derived from Griffin 14113. 'NIIM,' and P1 386015. The ZYMV-FL resistance 	 crops. The eIF4E primers KL08-03/
gene linked markers CAPS-I and ZYRP map to watermelon linkage group XIV. Primer name, allele size, and 04 and KL07-75/76 described in
the parental origin of each polymorphic fragment are listed. When the amplified fragment is from 'NHM', the 	 Ling et al. (2008) produced the
marker name is followed by a 'c" (cultivar). Those markers listed without a 'c' are derived from Griffin 14113.
CAPS-I is a codominant marker with a Griffin 14113 allele at base pair 187 and a 'NHM' allele at base pair 185. 	

expected sized amplification prod-
All other markers can he found in Levi et al. (2006). All distances shown are in centimorgans. 	 ucts in three genera of Cucurbita-

ceae, Lagenei'ia siceraria (Molina)
Standl., C. lanatus var. citroides, C.

lanatus var. lanatus, C. coloct'nthis, and C. maxima (data not
shown). Likewise, it is also possible that the ZYRP sequence
exists in the same genomic region that contains the eJF4E gene
in other cucurbit species, and may be linked to potyvirus
resistance in other cucurbit crops. Indeed, the ZYRP SCAR
primers amplified DNA fragments in C. co/ocvnthis and C.
lanatus var. citroides, and in C. sativus (data not shown).

	

pp	 However, further studies are needed to determine if these
•ic markers, linked to the ZYMV-FL resistance gene in water-

	

nC/C	 melon, are also linked to potyvirus resistance genes in other
cucurbits.
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Fig. 3. Distribution of marker genotype data from zucchini yellow mosaic virus-
resistant polymorphism (ZYRP) and the ZYRP sequence-characterized
amplification region marker and phenotype data from a watermelon BC2F2
population derived from P1 595203 and 'Charleston Gray'. P/P = homozygous
for P1 595203, PC heterozygous for P1 595203 and 'Charleston Gray'.
C/C = homozygous for 'Charleston Gray' I = slight yellow mosaic on the
systemic leaves, 2 = slightly deformed apical leaves with yellow mosaic, 3
severely deformed apical leaves with mosaic appearance: 4 = extensive
mosaic appearance and severe leaf deformation, or plant death.

CONCLUSION. In this study, we identified the marker ZYRP
that proved useful in selecting for the gene conferring ZYMV -
FL resistance in a BC 2 F2 population. The set of markers ZYRP,
CAPS- 1, and/or CAPS-2 provide a robust marker combination
for use in a MAS breeding program to identify genotypes
containing the P1595203 allele conferring ZYMV-FL resis-
tance in watermelon cultivars.
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